Effect of nitrogen and calorie restriction on protein synthesis in the rat. Am. J. Physiol. 230(5): 1321-1325. 1976. -The effect of a deficiency of calories and/or nitrogen on protein metabolism in the rat was investigated. During the 5 days of the study, the rats received all nutrients except water via intravenous hyperalimentation. Four diets were used: I) 1.25 g amino acids, 12.5 g glucose/day; ZZ) 1.25 g amino acids/day; ZZZ) 1.25 g glucose/day; and IV) 12.5 glucose/ day. The rate of protein synthesis in heart, lung, muscle, kidney, and liver was estimated by a modification of the technique of Garlick et al. ( The diurnal response of muscle and liver protein synthesis in vivo in meal-fed rats. Biochem.
J. 136: [935] [936] [937] [938] [939] [940] [941] [942] [943] [944] [945] 1973 ) except that [15N]glycine was used as the tracer. Heart and lung protein synthesis was depressed by both caloric and nitrogen restriction.
Muscle protein synthesis was only significantly affected by omission of calories from the diet. Kidney nitrogen content increased with the amino acid diets and decreased with the nitrogen-deficient diets. The major response of the liver to a dietary deficiency was to lose nitrogen via an increase in the rate of liver protein catabolism.
protei n metabolism; amin .o acids; liver; lung; heart; kidney; muscle 15N; intravenous nutrition; THIS PAPER DESCRIBES a generally applicable method for studying the effects of nutritional or pharmacological agents on the rate of protein synthesis in any organ or tissue of the rat in vivo. In the present study the effect of protein and or calorie deficiency on the rate of protein synthesis in rat liver, kidney, heart, lung, and muscle was investigated.
For those tissues where the whole organ could be accurately excised, the rate of protein catabolism was also estimated.
The method used in a combination of the continuous infusion technique described by Garlick et al. (7), except that a 15N-labeled amino acid was used as the tracer instead of a 14C-labeled amino acid, and the totally intravenously fed unrestrained rat system developed by Steiger et al. (19) . Total intravenous nutrition in unrestrained rats permits precise control of dietary input. This is essential because protein synthesis rates vary with feeding time ('7). Intravenous nutrition also avoids the problems associated with cachexia and forced feeding and facilitates precise monitoring of daily nitrogen balances.
METHODS

OF PROCEDURE
Female Lewis-Wistar rats obtained from Microbiological Associates, Bethesda, Md. were used according to the following schedule. For the first 15 days following their arrival, the rats were acclimatized to the laboratory environment.
They were maintained on rat chow ad libitum.
Rats whose weight gain did not equal or exceed 2.5 g/day and weigh between 180 and 215 g by the 15th day were excluded from the study. On the 15th day, the rats were anesthetized with ether, a Silastic catheter was introduced into the superior vena cava via the right jugular vein, and total intravenous feeding was begun (19). A series of control rats were sacrificed prior to insertion of the catheter to determine the nitrogen content of the heart, liver, lungs, and kidneys before the period of intravenous feeding. Four diets were used (Table 1) . Th ey were either isocaloric or isonitrogenous with each other. The amino acid composition of the diet is that of Freamine (McGaw Laboratories, Glendale, Calif.). The diets omit lipids but include all the vitamins and supplements that are generally added to clinical hyperalimentation solutions (19). The acetate salts of the electrolytes were added to the solutions containing amino acids to offset the hydrochloride salts of the amino acids. The solutions were infused at a rate of 48 t 2 ml/day. Water was given ad libitum. Daily nitrogen balances were determined.
On the 5th day of intravenous feeding 65-75 mg of 99.2 atom % [ lsN]glycine (Bio-Rad Laboratories, Richmond, Calif.) were added to the infusate. After 18 h of infusion, the rats were anesthetized with ether, and the liver, kidneys, heart, lungs, and anterior tibialis tmuscle were rapidly removed and frozen in liquid nitrogen. To avoid the results being affected by diurnal variations, all rats were sacrificed between 10:00 A.M. and 12:00 noon. The urine output during the last hour of the [lsN]glycine infusion was collected separately.
The tissues were thawed and homogenized in a Potter-Elvehjem homogenizer with 10% trichloroacetic acid (10 ml/g of tissue) at 0°C. The homogenate was spun down and the precipitate washed 3 times with 2.5% trichloroacetic acid. The nitrogen content of the protein fraction was determined by the Kjeldahl method (9). The supematants were combined and the amino nitrogen converted to ammonia with ninhydrin by the method of Sobel et al. (1'7) . The ammonia was measured by the Berthelot phenol hypochlorite reaction (10). The urinary urea was isolated from rat urine by treatment with Permutit resin (J. T. Baker, Inc., Phillipsburg, N. J.) to remove the ammonia (3). The procedure does not separate urea from trace nitrogenous contaminants such as creatinine and amino acids, but these contribute a negligible amount of N compared to that in the urea. The ammonia from the Kjeldahl distillates, ninhydrin reaction with the amino acids, and the urea was converted to nitrogen gas by the Rittenberg hypobromite reaction and analyzed for 15N by optical emission spectroscopy. Details of sample preparation, analytical procedures, and accuracy of the method (*O.Ol% in the range O-2 atom % excess and proportionately greater at higher enrichments) have been described elsewhere Table 1 gives the nitrogen balance data for the period of intravenous feeding with the four diets. Only liver showed an appreciable nitrogen loss with the three deficient diets. Kidney nitrogen content apparently decreased slightly with the nitrogen-less diets and increased with the amino acid diets ( Table 2 ). Most of the nitrogen lost in the urine on the deficient diets must have originated from muscle. , Table 2 also gives the calculated rates of protein synthesis, catabolism, and the specific activity of the Chlculations.
Protein synthesis rates were calculated from a modified version of the formula of Garlick et al.
(7) .
Note that the actual urinary nitrogen loss for diets I and II is much greater than that for diets III and IV, since there was no nitrogen input with the latter diet. Data are or 1 SD. MUSCk Their paper (7) gave two other formulas involving A (rate of plateau attainment) instead of R for estimating k,. With the relatively long infusion times in our study, the term (1 -e-Q) becomes dominant. Which formula is strictly correct depends on the actual values of A, R, and k,. Since the formulas are relatively insensitive to the terms involving either A or R, and R is easier to measure, we used the formula with R. This may introduce a small systematic error in k,, but the values obtained should be internally consistent for a given tissue.
For those organs where the total nitrogen content of the tissue could be measured accurately, the catabolic rate can be estimated by comparing the N content of that tissue prior to the intravenous feeding regimen (m,) with the N content after intravenous feeding (m,). k*bz + mat kc(m2 + m1P Values are mean 2 1 SD. &, and S, are the specific activities of the protein and intracellular N, respectively, in units of atom percent excess. k, and k, are the rates of protein catabolism and synthesis in percent protein per day. The asterisk values are the liver values based on the urinary urea lSN specific activity. S,* is the specific activity of the urinary urea at the time the infusion was terminated. The numbers in parentheses are the numbers of rats used. Where no value fork, is given, it is the same as k,. P-T-R is the Picou and Taylor-Roberts' determination. The units are mg N/kg body wt per day. The nitrogen content of the rat organs before total intravenous feeding were: heart, 18.3 2 2.0 (7); liver, 215.5 2 25.8 (8); lung, 27.1 2 2.4 (7); and kidney, 33.9 + 2.2 (8). amino N (SJ and the protein N (Sb). We have assumed that the error in the catabolic rate is proportiona 1 to that of the corresponding SY *nthetic rate. The lack of correlation between the rate of protein synthesis and the amount of isotope incorporated into protein illustrates the importance of measurements on the precursor pool for estimating synthesis rates. Table 3 compares the effects of the four diets on k,, Sb, Si, and the weights of the various organs. Bonferroni T statistics were used to calculate the significance of the data in Table 2 (Table 3) . via nitrogen interchange reactions, the specific activity of the pool and the protein can be used in the calculation instead of the specific activity of the individual amino acid. Using lsN as the tracer instead of 14C involves four assumptions.
1) The infused amino acid has equilibrated with unlabeled amino acids in the intracellular pools. The rate of mixing for a given amino acid is the same, regardless of whether it is labeled with 14C or lsN. Several authors have reported times ranging between 0.25 and 1 day for equilibration of a variety of amino acids (4, 7, 12, 23). We found that a plateau in the urinary urea appeared after about 8 h of ['jN3glycine infusion with diet 1.
2) The rate of nitrogen interchange reactions is not rate controlling.
Since (24), and Garlick (4-7) and their co-workers showed how the rate of protein synthesis could be esti mated following a continuous infusion of an isotopically labeled amino acid for several hours . The necessary assumptions behind this approach are fewer and more plausible than those of the pulse label method (21, 24).
The first formula states that the rate of protein synthesis can be calculated from the ratio of the specific activity of a given amino acid in the intracellular amino acid pool and the specific acti vity of that particular amino acid in the tissue protein (7). It is also necessary to know the concentration of the unlabeled amino acid in the intracellular pool and the protein to calculate R. With the long (18 h) infusion times used in this study, the concentration terms (l/(R-1) and R/(R-1) become relatively unimportant.
(R values ranged between 50 and 120.) of 16.4 t 1.6%/day is the same as that with the larger dose ( Table 2) .
3) The specific activity of the whole amino acid pool and the tissue nitrogen can be used instead of the specific activity of an individual amino acid. With a 15N-labeled amino acid, such as glycine, where the label is transferred specific acti Use of a l"N-labeled amino acid simplifies the analytical procedures by avoiding the necessity of determining the amount of specific activity of a given amino acid in the tissue protein and intracellular fluid. Since the 15N from a 15N-labeled amino acid becomes distributed among the amino acids in the metabolic nitrogen pool tine prov to viti many other ami no acids, the ratio of .es of in .tracell ular and protei n-bound glycould be used, or that of any other amino acid, ided that its specific activity had attained an approximate isotopic plateau. Alternatively, an average value for the specific activity reflecting all the amino acids in the pool -amino acid and tissue protein pools could be used. An advantage of using an average value is that it would be unlikely for the results to be distorted by the possible anomalous behavior of the amino acid selected as the 14C carrier When a 15N-labeled amino acid is given to an animal, the label becomes distributed among the amino acids in the various intracellular amino acid pools. The details of the distribution pattern are not important; the essential assumption here protein in the same 
STEIN
ET AL.
would be markedly different., The liver synthesis values calculated from the urea and intracellular 15N enrichments would also be different. The values for liver protein synthesis for the two nitrogen-containing diets based on the specific activity of the urinary urea are only slightly higher than the intracellular values ( Table  2 ). The agreement is consistent with assumption 3. The asterisks in Table 2 are the urea l"N specific activity (Si*) and the corresponding liver protein synthesis (k,*) and catabolism (kc*) values.
4) The precise location of the particular intracellular pool involved in protein synthesis in not known. This uncertainty influences the accuracy of all measurements of the rate of protein synthesis based on the incorporation of isotope into protein (7). This is a major problem with the continuous infusion method at present. It is for this reason that in experiments where **C is used as the label, values for the rate of protein synthesis are sometimes calculated on the basis of both the intracellular fluid and plasma specific activity (7). There is some evidence in the literature, from pulse label experiments, that the precursor pool may reflect the plasma amino acids more closely than the intracellular amino acids (1, 11) . A continuous infusion of a labeled amino acid would tend to minimize differences of enrichments between the various pools by allowing time for equilibration. Compartmentalization of lSN in a continuous infusion experiment is less likely than in 14C experiments because of the numerous efficient enzyme systems in the liver and other tissues which catalyze the various nitrogen interchange reactions. Reported values for the rate of rat liver protein synthesis range from 15% to 60%/day, depending on the labeled amino acid used and the precursor pool (plasma or intracellular) used for the calculation. However, the important point about the continuous infusion method is that it is internally consistent, so that inferences based on experimentally observed differences are real (7, 14, 22, 24).
The whole-body protein synthesis rate can be calculated by the Picou and Taylor-Roberts (14) method from the plateau urinary urea l"N value. This value can then be compared with an estimate of the whole-body rate found by summing up the literature values for the amount of protein synthesized by the viscera, muscle, and extrahepatic protein synthesis. The comparison provides a test of the validity of the Picou and TaylorRoberts method. Literature values for viscera and brain protein synthesis rates range between 20 and 40/day and for muscle between 5 and lO%/day (5,6,7,13). value for the rats on the amino acid diets falls within this range.
The situation is different with the nitrogen-deficient diets. There is no agreement between the urea-based and intracellular precursor pool values for liver protein synthesis. With the 25% glucose diet, the urea value suggests that liver protein synthesis is increased some threefold and whole-body protein synthesis sixfold. It is unlikely that these numbers are correct, and there is no independent supporting evidence. The reason that these values are wrong is that the 'one-amino acid-pool' assumption does not hold under conditions where nitrogen is limiting. There is no exogenous nitrogen entering the body and, therefore, intracellular recycling of nitrogen and compartmentalization are maximized. The urinary urea reflects muscle nitrogen of low enrichment that cannot be utilized by the liver, and is, therefore , excreted without mixing with the liver pool. Thus, although the Picou and Taylor-Roberts' model is valid under normal conditions, it may give misleading results under condi tions of metabolic stress.
Although diet 1 was incomplete since it omitted . llPids, the rats were able to maintain nitrogen balance for the duration of the study on this regimen. In contrast the rats were in negative balance on all three deficient diets, but the amount of nitrogen lost in the urine was .less with diet IV (25% glucose) than with diets ZZ (2.5% amino acids) and ZZZ (2.5% glucose).
The degree of intracellular amino acid recycling is inversely proportional to the specific activity of the intracellular pool. In normally fed rats, muscle recycles about 70% of the amino acids ori ginati ng from muscle protein catabolism and liver about 50% of the liver protein amino acids (23). The values in Table 2 indicate that recycling is most efficient in cardiac muscle, least efficient in lung, and that with diet IV (25% glucose) recycling is maximized. Presumably this is because the glucose supplies adequate energy to permit the optimal use of the limited nitrogen available. This inference is supported by the lower nitrogen loss in the urine with diet IV as compared to the other deficient diets.
Heart and lung protein synthesis was decreased with all three deficient diets. The effect was not quite as marked with the 25% glucose diet as with the two energy-deficient diets. During the 5 days of total intravenous nutrition, no significant change in the nitrogen content of these organs was noted. Thus, the catabolic rate must have been reduced proportionately.
The kidney nitrogen content seemed to vary with the urea load. It increased with the amino acid diets, even with the energy-deficient diet, while it decreased with the nitrogen-deficient diets (P < 0.02). Kidney protein synthesis was marginally increased with diet ZZ (1.25% amino acids), whereas catabolism was increased with the completely deficient diet.
Muscle protein synthesis is very sensitive to dietary intake (7, 13). The nitrogen-and calorie-deficient diets affected muscle differently. A very marked decrease only fou nd with the carbohydrate-deficien t diets. S was ince the reutilization of muscle protein amino acids provi .des a major part of the amino acids required bY m .uscle for http://ajplegacy.physiology.org/ protein syn .thesis, adequate energy may permit muscle to function fairly normally. Because it was not possible to obtain precise values of muscle mass, the catabolic rate could not be estimated.
With the 25% glucose diet, a small but significant increase in the rate of liver protein synthesis was found. The major effect of the three deficient diets on the liver was to increase the rate of liver protein catabolism leading to a 25% loss in liver nitrogen content in 5 days. An important function of liver under conditions of dietary stress is to help the animal's metabolism to adapt to the change by providing the necessary metaboli .tes from alternate sources. The more rapidly an enzyme turns over, the more rapidly its intracellular concentration can respond to hormonal stimuli (8). Furthermore, those enzymes with the fastest turnover rates are precisely those that regulate metabolic pathways (8, 16). ThW it is not too surprising that the synthesis rates of these enzymes are not decreased; however, there is a decrease in the actual amount of 1 .iver protein mad .e.
One possible explanation of the large loss of liver nitrogen with al 1 three defici .en .t diets is that li ver contains some protein that can function as a labile nitrogen or energy reserve. No such protein has ever been isolated. It seems more probable that under normal conditions liver maintains physiologically active concentrations of numerous enzyme systems that are not in immediate use or need. The presence of these "reserve or back-up" enzymes enables the liver to respond promptly and with maximum effectiveness to a sudden change, such as a metabolic stress, a toxin, or an injury. Under
